Background. Diffuse infiltration remains the fulcrum of glioblastoma's incurability, leading inevitably to recurrence. Therefore, uncovering the pathological mechanism is imperative. Because signal transducer and activator of transcription 3 (STAT3) correlates with glioma malignancy and predicts poor clinical outcome, we determined its role in glioma single cell infiltration and tumor growth. Methods. STAT3 was silenced in Tu-2449 glioma cells via lentiviral gene transfer. Target gene expression was measured by real-time reverse transcription PCR, Western blotting, and immunohistochemistry. Microvilli were visualized by staining with wheat germ agglutinin. Migration and invasion were measured by Scratch and Matrigel chamber assays. Diffuse infiltration was studied in 350-mm-thick organotypic tissue cultures over 14 days using cells tagged with enhanced green fluorescent protein and live confocal laser scanning microscopy. Survival of tumor-bearing syngeneic, immunocompetent B6C3F1 mice was analyzed by Kaplan-Meier plots. Results. STAT3 silencing reduced cell migration and invasion in vitro and stopped single cell infiltration ex vivo, while STAT3-expressing cells disseminated through the neuropil at 100 mm/day. STAT3 silencing reduced transcription of several tumor progression genes. Mice with intracranial STAT3 knockdown tumors had a significant (P , .0007) survival advantage over controls, yielding 27% long-term survival. STAT3 knockdown reduced podoplanin expression 50-fold and inhibited concurrent microvilli formation. STAT3 knockdown tumors exhibited a weaker podoplanin immunoreactivity compared with controls. Podoplanin staining was diffuse, preferentially at tumor margins, and absent in normal brain. Conclusions. Our results show compelling evidence that STAT3 is a key driver of diffuse infiltration and glioma growth and might therefore represent a promising target for an anti-invasive therapy.
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Keywords: brain slices, glioma mouse model, lentiviral gene transfer, single cell infiltration, STAT3. G liomas are the most common and most lethal primary brain tumors. They are classified by the World Health Organization (WHO) into 4 malignancy grades. 1 Glioma cells notoriously infiltrate the surrounding healthy brain parenchyma, 2 a trait that helps them to escape surgical removal, irradiation, and chemotherapy and is primarily responsible for the disappointing outcomes, with survival times less than 15 months. 3 In spite of the central role of their incurability, little is known about the true drivers of diffuse glioma infiltration, whose identification is a prerequisite for effective anti-invasive strategies. However, the recent recognition of mesenchymal transformation as a hallmark of human malignant gliomas-the hierarchical organization of transcriptional master regulators, uppermost STAT3, 4 and its association with more aggressive clinical phenotypes 5 -suggests that mechanisms that drive mesenchymal transformation may also have great potential as therapeutic targets.
In agreement with this, the basic helix-loop-helix proteins and the prominent regulators of epithelialmesenchymal transition (EMT), Snail and Twist are expressed in glioma cells and promote invasion. Their abundance in tumor tissue is associated with WHO grade and survival. 6, 7 STAT3 belongs to a family of signal transduction proteins that reside in an inactive form in the cytoplasm of unstimulated cells. 8 STAT3 conveys stimuli by cytokines, growth factors, and oncoproteins into the nucleus. Activation of STAT3 is mediated by phosphorylation at a single tyrosine residue (Tyr705) leading to STAT3 dimerization via phosphotyrosine-Src homology 2 domain interaction.
9 STAT3 dimers then translocate to the nucleus, where they activate a set of pro-tumorigenic genes.
10
STAT3 activation is primarily mediated by members of the upstream Janus tyrosine kinases JAK1 and JAK2. 11 Induction of STAT3 activity under physiological conditions is transient and tightly regulated by multiple feedback mechanisms, such as suppressor of cytokine signaling proteins, 12 protein inhibitor of activated STAT3 proteins, 13 and reversible acetylation, 14 which fine-tune the extent and the duration of STAT3 function. Finally, nuclear-cytoplasmic shuttling of STAT3 adds to the complexity of STAT3 regulation.
15
STAT3 regulates the growth and self-renewal of glioblastoma stem cells, 16 reprograms neural stem cells along the mesenchymal lineage, and enables glioma initiating cells to suppress immune responses 17 and is therefore a suitable target for cancer stem cell-directed therapy. 18 Because unphosphorylated STAT3 is still capable of forming dimers or of binding to nuclear factor-kB and can thus induce transcription, 19, 20 interference strategies should ideally be directed against the STAT3 protein itself. In vitro blockade of STAT3 expression with small interfering (si)RNA in human glioblastoma multiforme (GBM) cells suppressed glioma cell proliferation and induced apoptosis. 21 Recently, it was shown that RNA interference also decreased the invasive potential of human GBM cells in vitro. 22 In vivo STAT3 siRNA induced microglia and macrophage activation and inhibited tumor growth. 23, 24 However, no study has dealt with the impact of STAT3 on single cell infiltration.
We have recently established an orthotopic syngeneic mouse model of glioma that faithfully mimics the hallmarks of human gliomas: high mitotic activity, focal necrosis bordered by pseudopalisading cells, and diffuse infiltration into the neuropil. Like their human counterparts, these murine gliomas display persistent STAT3 activity. 25 Here we set out to investigate the tumor cell autonomous contribution of STAT3 to the infiltrative behavior of glioma cells by studying the effects of STAT3 silencing on target gene expression, invasion pattern ex vivo in an authentic microenvironment (ie, organotypic tissue cultures), and tumor growth in vivo after orthotopic transplantation into the striatum of immunocompetent mice.
Materials and Methods

Lentiviral Gene Transfer Constructs
The STAT3-specific short hairpin (sh) oligonucleotide (GCAGCAGCTGAACAACATGttcaagagaCATGTTGT TCAGCTGCTGC), recognizing human and mouse STAT3a and STAT3b, was designed (Oligoengine 2.0) and inserted into the pSUPER vector (Oligoengine) behind the polymerase III human H1 promoter. The H1 promoter and the sequence encoding the doublestranded shRNA were cloned into the lentiviral vector SEW: self-inactivating plasmid, central polypurine tract (pSIN.cPPT)/spleen focus forming virus/enhanced green fluorescent protein (EGFP)/woodchuck hepatitis virus posttranscriptional regulatory element, as described recently. 26 
Lentivirus Production and Titration
All lentiviral vectors were prepared by cotransfecting plasmid pCMVDR8.91 (Gag-Pol DNA), envelope plasmid pMD2.VSVG, and one of the gene transfer plasmids into the packaging cell line HEK (human embryonic kidney) 293T. Lentiviral vector-containing supernatants were collected at 48, 72, and 96 h after transfection, ultracentrifuged at 51 610 × g at 48C for 2 h, and stored in aliquots at 2808C. Virus titers from HEK293T cells were determined by fluorescence activated cell sorting (FACS) analysis. The transducing units (TU/mL) were calculated by multiplying the total cell number by the percentage of cells positive for green fluorescent protein and the specific viral dilution factor (one virus integration site per cell 15% cells positive for green fluorescent protein).
Lentiviral Gene Transduction
Cells were plated at low cell density 1.8 × 10
4 per well on 6-well plates. After 1 day of culture, the cells were lentivirally transduced in the presence of 8 mg/mL polybrene (Sigma-Aldrich) and centrifuged at 2000 rpm/ 328C for 30 min. Medium was changed the next day, and EGFP expression was measured by FACS analysis 72 h after transduction using a FACSCanto (Becton Dickinson) and the Diva 6 software.
Mouse Glioma Cell Line
The Tu-2449 glioma cell line 27 was maintained in highglucose (4.5 g/L) Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% fetal calf serum (FCS), 100 U/mL penicillin, and 100 mg/mL streptomycin in a humidified 5% CO 2 atmosphere at 378C. Cells were split twice a week. All experiments were performed with cells in the logarithmic growth phase.
Mouse Brain Tumor Model
Tu-2449 cells (1 × 10 5 in 1 mL) were inoculated into the striatum (coordinates, 2.5 mm from the dura, 1.5 mm posterior, 2 mm lateral to the bregma) of 10-week-old syngeneic C6B3F1 mice (Harlan-Winkelmann). Tumor initiation was performed as previously described. 25 Briefly, glioma cell suspensions were injected stereotactically through a drilled burr hole with a 5-mL Hamilton syringe (#75N) into the left putamen. A small cavity was created by moving the needle 0.5 mm deeper than the indicated depth before the cells were injected carefully over a period of 30 s. The needle was then held in place for a further 30 s before being withdrawn slowly. Mice were monitored daily for symptoms of tumor development. The observation time was 65 days. Thereafter, all mice were subjected to histopathological examination. All animal experiments were approved by the Regional Administrative Council (Regierungs prä sidium Darmstadt).
Organotypic Tissue Cultures
Coronal brain slices from the hippocampal region were cultured according to a published protocol with minor modifications. 28 Briefly, slices were prepared at postnatal days 9 and 10. After decapitation, cerebelli were removed and sagittal sections were cut at 350 mm using a vibratome (Leica VT 1000S). Slices were placed onto porous membranes (Millicell-CM, Millipore) and put into 6-well plates containing culture medium (50% minimum essential medium, 25% Hank's Balanced Salt Solution, 25% normal horse serum, 0.5% Glutamax, 4.2 mM glucose, 10 mM HEPES [4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid], and 0.5% sodium bicarbonate). The buffer was adjusted to pH 7.3. Cultures were incubated at 358C in a humidified atmosphere (5% CO 2 ). The medium was exchanged every other day.
Confocal Laser Scanning Microscopy
For confocal microscopy, a laser scanning microscope (LSM 510, Carl Zeiss) was used. Optical reconstruction of confocal Z-stacks was performed using the implemented LSM5 software. Three-dimensional surface renderings were generated using the Imaris software package (Bitplane AG). Photoshop CS2 (Adobe Systems) was used to optimize contrast and brightness. Detector gain and amplifier offset were set to obtain pixel densities within the linear range. Fluorescence intensity was measured using implemented functions of the LSM 510.
Migration (Scratch) Assay
Cells were plated at 2 × 10 5 per well in an uncoated 6-well plate (Greiner Bio-One). When the cells reached subconfluency, mitomycin C (10 mg/mL) was added to the medium for 2 h and a scratch was made using a sterile pipette tip. Photographs of the scratched area were taken after 0 h and after 16 h using a Nikon Eclipse TE2000-S microscope, and the cells that had migrated over the margin of the scratch were counted. The scratch was captured in 5 different photographs, and the numbers of migrated cells were averaged. Experiments were repeated 3 times.
Invasion (Matrigel) Chamber Assay
Cells (2.5 × 10 4 ) were seeded on a cell culture transwell insert coated with extracellular matrix (ECM) (8-mm pore size, 24-well format; Becton Dickinson) in 2% FCS medium, and complete medium (10% FCS) was added to the lower chamber. To determine the amount of invasion, cells were incubated for 24 h and then removed from the upper chamber using a cotton swab. The invaded cells on the underside of the insert were fixed with methanol (2 min). Once fixed, the cells were stained with crystal violet for 2 min and rinsed with phosphate buffered saline (PBS). The undersides of the membrane were then photographed to compare the number of invaded cells per insert. The transmigrated cells were counted using a Nikon Eclipse TE2000-S microscope. For each experiment, 10 random highpower fields were counted.
RNA Isolation and cDNA Synthesis
Total RNA was extracted from murine glioma cells using the RNAeasy Plus Mini Kit (Qiagen). RNA quality and concentration were measured using the Biophotometer Applied PCR conditions were 508C for 2 min and 958C for 10 min followed by 40 cycles at 958C for 15 s and at 608C for 40 s. All assays were run in triplicates. Analysis of relative gene expression data was performed employing the 2 -DD C (t) method with the hypoxanthine-guanine phosphoribosyltransferase 1 (HPRT1) gene (Mm00446966_ m1) as endogenous control/reference. 29 
Western Blot Analysis
Control vector (control) and STAT3-shRNA (shSTAT3) transduced murine glioma cells were harvested by trypsinization, washed with ice-cold PBS, and lysed in a buffer containing 137 mM Tris/HCl pH 6.8, 4% sodium dodecyl sulfate (SDS), 20% glycerol, and protease inhibitor cocktail (Pierce), as well as phosphatase inhibitor cocktail (Pierce). A total of 50 mg of total protein, quantified with a bicinchoninic acid protein assay (Pierce), were separated through 10% SDS-polyacrylamide gel electrophoresis and transferred to Protran (0.45 mm) nitrocellulose membranes (Schleicher and Schuell). The membranes were blocked with 5% bovine serum albumin (BSA)-Tris-buffered saline and 0.05% Tween 20 (TBST) and subsequently incubated in 3% BSA-TBST with antibodies to STAT3a (C-20) at a dilution of 1:1000 for 2 h at room temperature or with antibodies to cyclin D, Snail, MMP-2, and glyceraldehyde 3-phosphate dehydrogenase diluted at 1:1000 overnight at 48C. After incubation with IRDye secondary antibody (LI-COR Bioscience) at a dilution of 1:20 000 for 2 h, the bands were visualized with a LI-COR Odyssey reader.
Immunohistochemistry
Brains were embedded in paraffin, and 3-mm-thick brain sections were stained following standard immunohistochemistry procedures using the Ventana Benchmark XT machine with a rabbit polyclonal antibody against mouse podoplanin (1:100, gift of Dr. Dontscho Kerjaschki, University of Vienna, Austria) after pretreatment with protease according to manufacturer's instructions, followed by anti-rabbit Histofine Simple Stain MAX PO Universal immunoperoxidase polymer (Nichirei Biosciences). Visualization of secondary antibodies was performed using the Ultra View Universal DAB Detection Kit (Ventana).
Wheat Germ Agglutinin Staining
Tu-2449 cells (2000 cells/well) were seeded in 2% FCS medium on PICM01250 transwell chambers (Millipore) for 24 h. Complete medium was added to the lower chamber. Microvilli that penetrated the 0.4-mm transwell pores and came out on the basolateral side were fixed with paraformaldehyde and rinsed with PBS. The upper cells were removed with a cotton swab. Then microvilli were incubated with TexasRedconjugated wheat germ agglutinin (5 mg/mL in Hank's Balanced Salt Solution; Invitrogen) for 20 min and visualized under a fluorescent microscope.
Statistical Analyses
All values are mean + SEM. The data were assessed by 1-way ANOVA followed by Tukey's multiple comparison posttest. P , .05 was considered significant.
Results
Generation of Tu-2449 Cells With Stable Knockdown of STAT3
To determine the consequences of STAT3 silencing in gliomas, we generated lentiviruses encoding shRNA against STAT3 (SEW-shSTAT3-EGFP) and used empty vector (SEW-EGFP) as a control. 26 Murine Tu-2449 cells were then transduced with these lentiviruses, and stable cell lines were produced. The transduction efficiencies of both viruses ranged consistently from 80% to 90% as measured by FACS analysis. Transduced cells were identified by EGFP expression and harvested using a FACS sorter. Knockdown of STAT3 in Tu-2449 cells was confirmed by Western blotting. Using a pan-STAT3 antibody, Tu-2449 cells stably transduced with shSTAT3 showed an almost complete abrogation of STAT3 protein expression compared with Tu-2449 cells transduced with control vector (Fig. 1A) . To determine whether STAT3 knockdown also affected the levels of STAT3 target genes involved in malignant glioma progression, we further investigated the protein expression of cyclin D, Snail, and MMP-2 of Tu-2449 knockdown cells versus control cells by Western blotting with the respective antibodies. The results indicate that STAT3 knockdown not only abrogated the steady-state levels of total STAT3 but also downregulated the levels of proteins implicated in proliferation (cyclin D), mesenchymal transformation (Snail), and invasion (MMP-2). The glyceraldehyde 3-phosphate dehydrogenase protein served as a loading control (Fig. 1A) .
STAT3 Silencing Reduces Expression of Tumor Progression Genes
Because STAT3 serves as a hub to regulate key target genes involved in tumor development, including mesenchymal transformation, proliferation, survival, invasion, and angiogenesis, 4, 30 we tested whether silencing of STAT3 would be capable of downmodulating a subset of tumor progression genes. To this end we measured the transcript levels of the EMT regulators Twist and Snail, the hypoxic transcription factor HIF, MMP-9 and MMP-2, and the angiogenic factor VEGF in control-or shSTAT3-transduced Tu-2449 cells by realtime PCR and normalized them to the housekeeping gene HPRT1. The quantitative TaqMan gene expression assay revealed that except for Twist, all other target genes-Snail, HIF, MMP-9, MMP-2, and VEGF-were significantly reduced in the absence of STAT3 by 90%, 65%, 70%, 45%, and 60%, respectively, compared with control cells. These experiments confirm that in murine Tu-2449 glioma cells, expression of this tumor progression signature requires STAT3 and that interference with STAT3 exerts anticancer effects.
STAT3 Silencing Inhibits Migration and Invasion
To extend our previous observation that pharmacological inhibition of STAT3 affected migration and invasion of several murine glioma cell lines, 31 we studied the effects of STAT3 knockdown in the most aggressive of these lines (Tu-2449) using in vitro wound healing and transwell assays. Significantly more Tu-2449 control cells than Tu-2449 STAT3 knockdown cells (110:25, P , .05) covered the scratched area as monitored after 16 h (Fig. 2A) . To exclude off-target effects, Tu-2449 cells were also transduced with scrambled and irrelevant shRNA showing no differences to control vector-transduced cells (data not shown). We also examined the effects of STAT3 knockdown on invasion using an invasion chamber coated with ECM-Matrigel and found that significantly more Tu-2449 control cells than Tu-2449 STAT3 knockdown cells had passed through the matrix (100:20, P , .05) monitored after 16 h (Fig. 2B) . Taken together, these results solidly prove the biological importance of tumor cell autonomous STAT3 for the migratory and invasive behavior of the murine Tu-2449 glioma cells.
Tu-2449 Cells Are Highly Infiltrative Ex vivo
To study diffuse invasion in a more clinically relevant environment, we characterized the invasion pattern of Tu-2449 cells transduced with the control vector SEW-EGFP representing the wild-type, STAT3-expressing tumor cells in an ex vivo glioma model using organotypic brain slice cultures. Topically applied fluorescent tumor cells were allowed to invade into a 350-mm-thick brain slice cut from the hippocampal region of 10-day-old mouse brains. By applying a seed of 1 × 10 5 stably EGFP-expressing Tu-2449 cells within the area of the caudate putamen, we could discriminate the invaded tumor cells from any other cell of the normal brain parenchyma. Using confocal live imaging, only fluorescent tumor cells that had emigrated to the applied cell aggregate on the slice surface and infiltrated into the brain parenchyma were continuously monitored through a 200-mm-thick layer inside the slice over a period of 14 days. In this way we could visualize the elongated, bipolar morphology of single infiltrating tumor cells and their radial invasion and continuous spreading through the neuropil until they encountered cyto-architectural structures like white matter tracts, along which they migrated farther (Fig. 3A) . The concurrence of infiltrating Tu-2449 glioma cells with white matter tracts faithfully mirrors the typical route of cell invasion seen in human glioma patients, as infiltrative astrocytomas have the tendency to involve subcortical regions and are typically centered in the white matter. 2 We further measured the distance and velocity of the disseminating Tu-2449 glioma cells in this authentic microenvironment. Wild-type (ie, STAT3-expressing) cells migrated with a velocity of 100 mm per day and accomplished a distance of 700 mm per week. After 14 days, the borderline of the initial cohesive tumor cell aggregate was completely lacerated, and the radially emigrated bipolar glioma cells were interlaced into the surrounding neuropil (Fig. 3B ).
STAT3 Silencing Stops Diffuse Infiltration Ex vivo
To directly determine the contribution of STAT3 to infiltrative growth, we tagged control cells and STAT3 knockdown cells with different fluorescent reporter dyes, DsRed and EGFP, respectively, and performed live imaging on brain slice cultures over a period of 14 days. Confocal microscopy confirmed that the control Tu-2449 glioma cells expressing STAT3 were much more infiltrative than the STAT3 knockdown Tu-2449 cells (Fig. 4, top row) . Knockdown of STAT3 resulted in an invasion arrest (Fig. 4, top row) . While control Tu-2449 cells migrated with a velocity of 100 mm per day, STAT3 knockdown Tu-2449 cells got stuck and remained at their initial site of seeding over the whole period of time (Fig. 4) . In addition, the simultaneous seeding of DsRed and EGFP fluorescent cells showed that wild-type glioma cells proliferated unhindered and propagated geographically, while STAT3 knockdown cells appeared to be arrested in growth and migration and therefore did not spread farther through the brain parenchyma (Fig. 4, bottom row) .
In summary, these results demonstrate the central role of STAT3 in glioma infiltration, making it a prime target for clinical intervention.
STAT3 Silencing Delays Tumor Formation In vivo
The previously noted knockdown effects on glioma cell migration and invasion in vitro as well as on single cell infiltration ex vivo suggest that STAT3 might promote the aggressiveness of glioma tumor growth in vivo. To test this tenet, we used an orthotopical syngeneic mouse glioma model. 25 Intracranial transplantation of Tu-2449 cells transduced with either control vector or shSTAT3 was done in syngeneic B6C3F1 mice in respective groups of 15 animals. The first death in the control vector-transplanted group occurred on day 12 postinjection, and within 32 days all mice had succumbed to the disease. In contrast, the first death in the shSTAT3-transplanted mice occurred on day 19 post-inoculation, and the last on day 36. Survival curves indicate that onset of tumor formation in mice transplanted with STAT3 knockdown cells was markedly postponed (Fig. 5) . Median survival in the control group was 18 days compared with 30 days for the STAT3 knockdown. Moreover, in the group transplanted with STAT3 knockdown cells, 4 out of 15 (27%) showed long-term survival. Kaplan-Meier analysis demonstrated a beneficial effect for the STAT3 knockdown group that was highly significant (P , .0007; Fig. 5 ).
STAT3 Silencing Downregulates Podoplanin Expression and Microvilli Formation
Podoplanin, a small type-1 transmembrane glycoprotein, is upregulated in different cancers at the outer edge of the tumor mass. 32 It stimulates the formation of plasma membrane protrusions (microvilli), promotes EMT, 33 and is expressed in malignant gliomas. 34 Here, we show for the first time that podoplanin is a target of STAT3 in glioma cells. Lentiviral knockdown of STAT3 with shRNA reduced podoplanin gene transcription and translation in Tu-2449 glioma cells about 50-fold compared with controls (Fig. 6A) . In the brains of transplanted mice, immunohistochemical analysis with antibodies against podoplanin showed a diffuse staining that was more pronounced at the invasive front of the tumors. Semiquantitative analysis revealed a slightly weaker, yet not statistically significant staining intensity in gliomas that had been transduced with shSTAT3 (Fig. 7) . In control mice without tumor, the expression of podoplanin was confined to the choroid plexus (not shown).
Since podoplanin promotes the formation of microvilli, 33 we investigated whether this phenotype is also modulated by STAT3. Indeed, we could show that STAT3 silencing strongly affected microvilli formation in our glioma cells. To prove the existence of microvilli, Tu-2449 cells were seeded in the upper compartment of a transwell chamber with especially narrow pores (0.4 mm), precluding transmigration of whole cells. After 24 h, the transwell chamber was inverted, allowing microvilli that had poked through the pores to bind to TexasRed-conjugated wheat germ agglutinin on the other side. 35 Control vector-transduced Tu-2449 glioma cells showed abundant fluorescent spots representing membrane protrusions on the basolateral side, while STAT3 knockdown cells had almost none (Fig. 6C, bottom row) . Likewise, control vectortransduced Tu-2449 glioma cells grown on object slides and labeled with fluorescent wheat germ agglutinin showed a "hairy" appearance, with many tiny radially arranged membrane protrusions, while STAT3 knockdown Tu-2449 cells appeared more delineated (Fig. 6C, top row) .
Discussion
A recent study revealed that single glioma cells migrate far away from the primary focal lesion and are present in histopathologically inconspicuous areas throughout the brain. 36 The existence of disseminated tumor cells frustrates attempts at complete surgical resection and thwarts the efficient delivery of chemotherapeutics at sites with an intact blood -brain barrier.
A growing body of evidence purports that signaling pathways controlling invasiveness converge only on a small number of transcription factors, one of which is STAT3, a master regulator of mesenchymal transformation and cell migration. 4, 37 However, studying and identifying antimigratory compounds is hampered by inadequate readout systems (like Scratch and transwell assays) that use simple polystyrene or collagen layers as substrates. These in vitro assays do not adequately model the anatomic structures: capillaries, white matter fibers, and unmyelinated axons that influence glioma cell dispersion in the brain. We have previously critically evaluated a panel of human and rodent glioma/glioblastoma cell lines (U-87MG, U-118MG, LN-18, LN-229, 8-MG-BA, 42-MG-BA, A-172, T-98G, UVW, C6, 9L, G-26, GL-261, Tu-2449, Tu-9648) with respect to orthotopic growth characteristics in mice to identify suitable preclinical animal models for the development of a glioblastoma gene therapy. 38 This comparative study revealed that our syngeneic glioma transplantation model (Tu-2449, Tu-9648) yielded fast and invasive tumor growth with peripheral medusoid projections of tumor cells invading the normal cerebral parenchyma. In contrast, commonly used human xenograft models (U87, LN229, 8-MG-BA) formed either sharply circumscribed or less fast growing tumor masses. 38 Tu-2449 and Tu-9648 cells are also characterized by strong STAT3 activation. 25 On this account, we chose Tu-2449 cells to study the consequences of STAT3 silencing on glioma infiltration. Furthermore, we used organotypic tissue cultures and orthotopic implantation to approximate the natural microenvironment and invasive behavior of glioma cells in patients' brains. Our results clearly demonstrate a relevant contribution of STAT3 to cell motility in the 2D scratch assay as well as in the 3D organotypic slice cultures. Our findings are in keeping with a recent study in which aligned nanofibers were employed to mimic the neural topography. 39 On this artificial 3D substrate, cell migration was STAT3 dependent and could be specifically disrupted with low, subtoxic concentrations of STAT3 inhibitors. Likewise, dispersal of glioma cells from tumor explants was inhibited, suggesting that migrations through both complex environments are driven by similar molecular cues. Interestingly, the subtoxic concentrations were unable to inhibit cell motility in a conventional wound healing assay. 39 Because actively migrating glioma cells are more resistant to apoptotic stimuli than migration-restricted cells 40, 41 and current therapeutic strategies like irradiation 42 or anti-angiogenic treatment 43 can trigger an invasive program and enhance disease aggressiveness, application of nontoxic compounds inhibiting STAT3 might yield better outcomes even in cases where only low local drug concentrations are achieved. 31 Similar to findings in human GBM cells, 22, 44 knockdown of STAT3 in murine Tu-2449 glioma cells resulted in decreased expression of the EMT-regulating protein Snail and the ECM-degrading protein MMP-2, as demonstrated in Western blotting (Fig. 1A) . Concomitantly, STAT3 silencing decreased the migratory and invasive behavior of the tumor cells, as evidenced in wound healing and Boyden chamber assays (Fig. 2) . In addition, stable knockdown of the transcription factor STAT3 in murine Tu-2449 glioma cells resulted in a significant reduction of the mRNA levels of several STAT3 target genes (Fig. 1B) responsible for mesenchymal transformation (ie, Snail), formation of pseudopalisading cells around necroses (ie, HIF), invasion through ECMs (ie, MMP-2, MMP-9), and tumor angiogenesis (ie, VEGF), and constituting together the fundamental hallmarks of cancer. 45 The fact that STAT3 silencing has such a great impact on this subset of pro-tumorigenic genes corroborates the central role of STAT3 as a master regulator in cancer 10 and glioma pathogenesis. 30 Unexpectedly, our transcriptional analysis in Tu-2449 glioma cells revealed that STAT3 silencing downregulated HIF also under normoxic conditions, suggesting that HIF is a transcriptional target of STAT3. This finding is remarkable, because a recent study 46 showed that the EMT regulator Twist, the gelanolytic enzyme MMP-2, and the angiogenic factor VEGF are positively regulated by STAT3 under hypoxic conditions even in the absence of HIF. This implies that the tumor's ability to escape hypoxia to infiltrate the surrounding brain parenchyma and to form new blood vessels is driven mainly by aberrant STAT3 activity in these tumors, and it questions the role of HIF as a key regulator in orchestrating a transcriptional program to secure cell survival in an unfavorable microenvironment. 47 In line with these observations, ovarian tumors bearing attenuated HIF levels exhibited similar growth rates and vascularization as did controls. 48 The most peculiar neuropathological finding in glial brain tumors is the typical invasion of glioma cells into the neuropil. 2 Because the discrimination of the vital brain tissue from the invading tumor cell is intricate, when using standard staining procedures-the glial fibrillary acidic protein (GFAP) marker cannot distinguish neoplastic cells from residual reactive, GFAP-positive astrocytes-we here employed fluorescent tumor cells on 350-mm-thick organotypic brain slices from the hippocampal region to emulate single cell infiltration and to quantify the migration distance in an authentic microenvironment. By applying a seed of stably EGFP-expressing Tu-2449 cells within the caudate putamen, we could visually discriminate the implanted tumor cells from any other cell of the normal brain parenchyma. This naturalistic 3D ex vivo invasion assay produced a very detailed morphology and invasion pattern of the STAT3-expressing glioma cells, which starts out with radial growth until it is rerouted after the encounter of cyto-architectural structures like the borders between cortical and hippocampal layers (Fig. 3A) . The glioma cells preferentially migrated along white fiber tracts (Figs 3 and 4) . In our organotypic slice cultures, continuous infiltration could be monitored over a period of 14 days in control vector-transduced Tu-2449 cells representing the behavior of wild-type glioma cells, but this invasive pattern could not be observed in shSTAT3-transduced Tu-2449 glioma cells. While wild-type Tu-2449 glioma cells migrated with a velocity of 100 mm per day, STAT3 knockdown Tu-2449 glioma cells were immobile and remained at their initial site of seeding over the same period of time (Fig. 4) . Moreover, in keeping with our in vitro data, wild-type STAT3-expressing Tu-2449 glioma cells propagated geographically, while STAT3 knockdown Tu-2449 glioma cells appeared to be arrested and did not spread farther through the normal brain tissue.
Our ex vivo glioma model revealed that the tumor cells start out radially from the tumor seed into the surrounding brain (Fig. 3A) . The front tumor cells have a bipolar appearance with linear processes, although some show small curvatures, particularly near the tip. The radial orientation suggests that tumor cells migrate perpendicularly to the pial surface, presumably along specific radial pathways. This migration pattern is in keeping with reports from human gliomas showing migration preferentially along elongated structures, such as capillaries, white matter fibers, and unmyelinated axons. 2 The unipolar or bipolar tumor cells bear strong resemblance to migrating glial progenitors in the developing mammalian CNS. 49 EMT regulators and MMPs have been identified as important mediators of glioma invasion. 4 Stable knockdown of STAT3 in murine Tu-2449 glioma cells downregulated the expression of the EMT transcription factors Snail and Twist. Knockdown of Snail in human glioblastoma cells inhibited serum-induced migration and invasion and led to upregulation of E-cadherin. 50 This is of note because the survival of glioblastoma patients is inversely related with the expression of E-cadherin. 51 Twist was also found to be expressed in murine and human glioma cell lines, and its expression level in human tumor samples was associated with malignant progression. 7 Likewise, overexpression of Twist promoted glioblastoma cell invasion in brain slice cultures, as well as in orthotopic xenotransplants, and produced concomitant mesenchymal cellular changes. 52 However, inhibitors of Twist are not available.
Podoplanin, a mucin-like transmembrane protein that promotes EMT, was drastically reduced in STAT3 silenced Tu-2449 glioma cells. To the best of our knowledge, this is the first study to show that podoplanin is a target of STAT3 in malignant glioma. Podoplanin expression has been shown to be associated with increased invasive and metastatic features in several different cancers 32, 33 and to be a marker for tumor initiating cells or brain tumor stem cells. 53 Since the small subpopulation of tumor initiating cells is thought to be responsible for chemotherapy resistance and tumor recurrence, targeting podoplanin via STAT3 inhibition might yield additional benefit beyond the arrest of diffuse infiltration in glioma therapy.
In summary, our results provide compelling evidence that the invasive behavior of glioma cells is driven mainly by STAT3. Knockdown of STAT3 stopped the invasion of glioma cells into the neuropil, which poses the main obstacle to cure today. Confocal live imaging of fluorescent glioma cells allowed the identification and characterization of single glioma cells in a naturalistic environment. The EGFP-tagged Tu-2449 glioma cells displayed an infiltration pattern similar to that seen in patient tumor material, which contrasts with other mouse tumor models that are commonly characterized by expansion of a bulk tumor mass.
Conclusions
Confirming that STAT3 is a prominent molecular mediator of glioma single cell infiltration will aid the design of anti-invasive strategies for glioma patients. The presented brain slice model simulating authentical anatomic structures might be a useful bioassay for future drug testing.
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